Electronic and magnetic properties of free Fe clusters of 9 to 89 atoms are investigated theoretically within an ab initio fully relativistic framework and compared to results of crystal surfaces. It is found that the local spin magnetic moments spin and the orbital magnetic moments orb are enhanced for atoms close to the surface of a Fe cluster. The corresponding Friedel-like oscillations in the depth profiles of spin and orb are more pronounced for clusters than for crystal surfaces. The spin in clusters and at crystal surfaces turned out to depend linearly on the effective coordination number N eff . This empirical spin -N eff inter-relationship is able to account for some features of the experimentally measured dependence of the magnetic moment of free Fe clusters on the cluster size. The spin-polarized density of states (DOS's) for atoms in clusters is characterized by sharp atomiclike peaks and substantially differs from the DOS in the bulk. The width of the local valence band gets more narrow if one is moving from the center of the cluster to its surface. The DOS averaged over all atoms in a cluster converges to the bulk behavior more quickly with cluster size than the DOS of the central atoms of these clusters.
I. INTRODUCTION
Clusters comprising few tens or hundreds of atoms form an interesting class of materials, because they form a bridge between atoms and molecules, on the one hand, and solids, on the other, and yet their properties cannot be described by a simple interpolation between the two extremes. Consequently, magnetic properties of transition metal clusters attracted a lot of attention-both due to fundamental reasons and due to a potential application in magnetic recording industry. As clusters contain a large portion of surface atoms, it is interesting to study the relation between the electronic and magnetic properties of atoms which are close to a cluster surface and of atoms which are close to a planar surface of a crystal. Although the importance of surface-related effects in clusters has been universally acknowledged, no systematic study comparing clusters and crystal surfaces has been performed so far to the best of our knowledge. The aim of this work is thus to focus on theoretical investigations of free iron clusters with bcc geometry and bulk interatomic distances and on comparing their properties with properties of bcc-Fe crystal surfaces.
Previous work on free medium-sized Fe clusters of 10-100 atoms with a geometry taken as if cut from the bulk relied mostly on a parametrized tight-binding (TB) model Hubbard Hamiltonian. [1] [2] [3] Early ab initio calculations, on the other hand, were restricted to Fe clusters containing not more than 15 atoms. [4] [5] [6] More recent work relying on an ab initio approach have focused mainly on geometry optimization of small or medium-sized clusters 7, 8 and thus cannot be directly utilized for comparing with crystal surfaces. Generally, nearly all calculations of electronic structure of free metallic clusters were non relativistic, meaning that they do not give access to the orbital contribution to the magnetic moment. Only recently orbital magnetic moments for free Ni clusters obtained by means of TB model calculations with spin-orbit coupling included via an intra-atomic approximation were presented. 9 Preliminary results of fully relativistic ab initio calculations of spin magnetic moments spin and of orbital magnetic moments orb of free Fe clusters were published by the present authors. 10 Several calculations of the dependence of spin on the depth below the crystal surface have been published for bcc Fe, using an ab initio formalism [11] [12] [13] [14] [15] [16] [17] as well as a TB model Hamiltonian. 18 Most of these investigations deal with the (001) surface; less work has been done on the (110) surface and only little attention has been devoted to the (111) surface. Similarly as in the case of clusters, not many papers include orb in their consideration. Ab initio calculations of the profile of orb were published for a perpendicularly magnetized (001) surface, 13, 17, 19 a systematic study of the orbital magnetism below surfaces of transition metals was performed by Rodríguez-López et al. 18 Magnetic moments of free iron clusters were measured by Stern-Gerlach-type experiments. 20 It was found that the total magnetic moment of clusters per one atom oscillates with the size of the cluster, approaching only slowly its bulk value. Several attempts were made to reproduce this oscillatory dependence either via calculating magnetic moments at each site of a given cluster 3, 21 or via simple models relying on the atomic shell structure of respective clusters, [22] [23] [24] with partial success.
In principle, spin and orb can be measured separately by means of the x-ray magnetic circular dichroism (XMCD) of x-ray absorption spectra, via a judicious use of sum rules. 25 Several experimental studies were performed on supported iron clusters. [26] [27] [28] These studies suggest a substantial enhancement of orb as well as of the ratio between orb and spin with respect to the bulk, while spin remains the same as in the bulk or even decreases.
The purpose of this paper is to investigate theoretically magnetic properties of free iron clusters. We start with describing our fully relativistic ab initio computational formalism. Then the dependence of spin and orb on the distance of atomic sites from the cluster center and the dependence of orb on the direction of the magnetization is discussed for several cluster sizes. This is followed by a comparison of the magnetic properties of atoms in free clusters to properties of atoms at and below crystal surfaces. Then we study systematic trends of magnetic moments in clusters and at surfaces and in particular their dependence on the effective coordination number. This dependence is then utilized for estimating the magnetic moments of large clusters and a subsequent comparison of our results with experimental data. Finally, spin-polarized densities of states (DOS) of iron atoms in clusters are analyzed.
II. THEORETICAL METHODS
We investigate free spherical-like clusters constructed from 1-7 coordination shells of bulk bcc Fe (lattice constant a = 2.87 Å). Our neglect of the geometry relaxation is most serious for small clusters, which in reality may adopt various structures with sometimes tiny differences in their total energies. 7, 29 The structure of larger clusters seems to be less effected by geometry relaxation, as suggested by TB model Hamiltonian calculations 1,30 as well as by ab initio results. 8 In contrast to the previous work, our study primarily focuses on comparing spin and orbital contributions to cluster and surface magnetism, in particular for relatively large clusters. The neglect of the geometry relaxation for both type of systems seems to be adequate because it allows a more direct comparison.
Our theoretical investigations are based on the local spin density approximation (LSDA) scheme to deal with exchange and correlation effects. The Vosko, Wilk, and Nusair parametrization of the exchange-correlation potential was used. 31 The reliance on LSDA as opposed to the generalized gradient approximation (GGA) is justified in our study because we focus on magnetic properties of fixed-geometry systems. Although GGA was found to be superior to LSDA in exploring structural properties of transition metals, 32 its benefit in magnetic studies is still questionable. [33] [34] [35] The electronic and magnetic structure of clusters was calculated in real space via a fully relativistic spin-polarized multiple-scattering technique, 36 as implemented in the SPRKKR code. 37 We relied on spherical potentials in the atomic sphere approximation (ASA). In order to account for the spilling of the electron charge into the vacuum, the clusters were surrounded by empty spheres. The scattering potential of atoms in the clusters was obtained from scalarrelativistic self-consistent-field (SCF) calculations for clusters using an amended XASCF code. 38, 39 Use of scalarrelativistic potentials was in fact not crucial in our study: we found that results of our fully relativistic calculation of the electronic structure do not change if the scattering potential is taken from a nonrelativistic SCF calculation instead of from a scalar-relativistic one. Some further technical details on our way of constructing the cluster potential can be found in Ref. 40 .
Crystal surfaces were simulated by finite 2D slabs, again with bulk interatomic distances throughout the whole system. For the (001) surface, we used 18 planes of Fe atoms and 7 planes with empty spheres on both sides of the iron slab, for the (110) surface we used 18 planes of Fe atoms and 6 planes with empty spheres, and for the (111) surface we used 34 planes of Fe atoms and 7 planes with empty spheres. The electronic and magnetic structure of these slabs was calculated via a fully relativistic spin-polarized tight-binding (TB) Korringa-Kohn-Rostoker (KKR) method. 41, 42 Similarly as in the case of free clusters, the potential was taken in the ASA form. We checked that the convergence to bulk properties was achieved in the central layers.
All calculations have been done assuming a collinear spin configuration, i.e., the orientation of the magnetization is characterized by a common vector M. This restriction might be questionable for the clusters because, in this case, noncollinear spin structures for the ground state have indeed been found for very small Fe clusters (containing up to five atoms). 43, 44 Test calculations done for a Fe cluster with 9 atoms using the VASP code 45 lead to a collinear spin configuration. 46 Because also all other clusters studied within this investigation had a highly symmetric cubic geometric structure with closed atomic shells, it is expected that assuming a collinear spin structure is well justified.
III. RESULTS AND DISCUSSION

A. Magnetic profiles of free clusters
The dependence of spin on the distance of atomic sites from the cluster center is displayed in Fig. 1 , for cluster sizes ranging from 9 atoms (a single coordination shell) to 89 atoms (seven coordination shells around the central atom). In contrast to a nonrelativistic or scalar-relativistic description, atoms belonging to the same coordination shell need not be all symmetry equivalent, because the presence of a magnetization and of spin-orbit coupling lowers the symmetry of our systems. 47 Nevertheless, it can be seen from Fig. 1 that the spin magnetic moments of atoms of the same coordination shell are practically all identical, even if they are inequivalent due to the presence of spin-orbit coupling (small differences can be observed only for atoms in the outermost shell of the 65-atoms cluster). Likewise, there is practically no dependence of spin on the direction of the magnetization, in line with previous findings, e.g., for bulk systems. 48 This behavior can be explained by the fact that the spin magnetic moment is determined by the difference in the populations of the exchange-split spin up and spin down states, that is hardly changed if the spin-orbit coupling is considered as a perturbation.
On the other hand, orb exhibits quite a strong dependence both on the symmetry class of the atoms within a coordination shell and on the direction of the magnetization. This can be seen in Fig. 2 , where the profiles in orb are shown for three magnetization directions (the magnetization M is parallel to one of the [001], [110] , and [111] crystallographic directions). The spread in values of orb for inequivalent atoms of the same coordination shell clearly differs from one cluster to another, with no obvious systematic dependence on the cluster size (the spread is small for clusters of 15 and 51 atoms but quite large for clusters of 9, 27, or 89 atoms. Note that the lowering of cluster symmetry induced by the magnetization depends on the direction of M, meaning that the number of symmetry inequivalent classes into which atoms of the same coordination shell split may be different for different magnetization directions, as it can also be observed in Fig. 2 Although orb at individual atoms may depend quite strongly on the magnetization direction, orb averaged over all atoms of a given coordination shell (shown via lines in Fig. 2) does not exhibit any significant dependence on the direction of the magnetic field. This suggests a very small magnetic anisotropy energy (MAE) for closed-shell spherical clusters, 49 of the same order as in the bulk. In this respect our clusters differ from smaller low-symmetry clusters investigated by Pastor et al., 50 for which a MAE as large as in thin films has been found.
So far we were concerned with magnetic profiles, i.e., with the distribution of spin and orb within each cluster. However, experiment typically sees only values averaged over all atoms constituting a cluster. Therefore, we present in Table I total spin and orb of clusters divided by the number of atoms spin , orb and also their ratio orb / spin . As the analysis of experimental XMCD spectra on the basis of the sum rules involves the average number of holes in the 3d band, this quantity is presented in Table I as well. We will focus on average cluster magnetic moments in Sec. III E in more detail. Here we would like only to note that Table I reveals that the orb / spin ratio approaches the bulk value much more quickly than spin or orb separately. This might be seen as a contradiction to some experimental XMCD studies which suggest that the orb / spin ratio is about twice as high for supported iron clusters than for the bulk Fe crystal. [26] [27] [28] We suppose that one of the main reasons for this discrepancy rests in the shape of the clusters: supported clusters investigated in Refs. 26-28 were probably rather flat than spherical, containing thus a much larger portion of surface and edge atoms with a large orb than the spherical clusters we investigate here. A further reason for the different dependency of the orb / spin ratio given in Table I and deduced from the mentioned XMCD investigations is that relativistic calculations based on plain spin density functional theory give the spin-orbit-induced orb often too small 51 (see also Sec. III B). This problem is in fact more pronounced for small clusters than for the bulk. 52 Finally, one has to mention that the estimate of spin on the basis of the sum rules is normally based on the assumption that the spin magnetic dipole term T z in the sum rule can be ignored. 53 Our calculations show that, indeed, for free spherical Fe clusters the T z term is negligible (typically, it is by three orders of magnitude smaller than spin ). However, for low-dimensional or low-symmetry systems, the contribution coming from T z may be significant. 54 It is worthwhile to compare our magnetic profiles with earlier work. In Fig. 3 we display our results together with spin obtained from nonrelativistic SCF X␣ calculations of Yang et al. 5 and from nonrelativistic parametrized model calculations of Pastor et al.,
1 Vega et al., 2 and Franco et al. 3 It is obvious from Fig. 3 that the spin magnetic profiles calculated by different methods show a rather pronounced spread. The differences are larger for the inner atoms than for the outer ones. This suggests that even without involving geometry optimization, the task of calculating electronic structure of metallic clusters is quite a complex one. On the other hand, in spite of the rather large quantitative scatter of the various results one nevertheless notices that the qualitative trend of the profiles is in reasonable agreement.
No other calculations of site-dependent orb in free iron clusters have been published so far to the best of our knowledge. Guirado-López et al. 9 presented recently results of their TB model Hamiltonian calculation of orb in free spherical Ni clusters containing up to 165 atoms. Although our results for Fe clusters cannot be directly compared with results for Ni clusters, it is interesting to note that quite a significant dependence of orb averaged over all atoms of a coordination shell on the magnetization direction was found by these authors, which is in contrast to the present results for Fe clusters. It is conceivable that the local geometry of clusters is important in this respect: the Ni clusters investigated by Guirado-López et al. 9 have either an fcc or an icosahedral structure while our Fe clusters have a bcc structure.
B. Magnetic profiles of crystal surfaces
In this section we display the results of our calculations of spin and orb at Fe crystal surfaces and compare them with available theoretical results obtained via different methods. Figure 4 summarizes the layer dependence of spin for the (001), (110), and (111) crystal surfaces and compares them with full-potential linearized augmented plane wave method calculations of Ohnishi et al. 11 18 One can see that the basic trend, namely, a rather strong enhancement of spin at crystal surfaces, is attained by all calculations. For the (110) surface this enhancement is significantly smaller than for the (001) and (111) surfaces; this is consistent with the fact that atoms at the (110) surface have higher coordination numbers than atoms at the other two surfaces. The increase of spin with decreasing distance from the surface is usually not monotonous. It was suggested that these Friedel-like oscillations are an artifact caused by an insufficient number of layers involved in slab-type calculations. 11, 12 However, these oscillations persist even if the number of layers in which the electronic structure has been allowed to relax is as large as 9 or 10 (which is the case of our work or Ref. 15 ) and also when dealing with a semiinfinite crystal geometry. 17 Likewise, these oscillations are present in ASA as well as in full-potential calculations 11, 13, 16 so approximating the shape of the potential does not seem to be significant in this respect either. Note that full-potential KKR calculations confirmed that the ASA is a good approximation for calculating the electronic structure of Fe surfaces, as long as one is not interested in surface states that are relevant, e.g., in scanning-tunneling microscopy. 55 It appears therefore that the presence of Friedel-like oscillations in spin below crystal surfaces is well confirmed.
In Fig. 5 we compare orb at the (001) and (110) surfaces for the magnetization oriented either perpendicular or parallel to the surface, as computed by the fully relativistic TB-KKR approach (present work) and by the d-band model Hamiltonian calculations of Rodríguez-López et al. 18 In the case of the (001) surface with perpendicular magnetization, LMTO calculations of Eriksson et al. 19 and Hjortstam et al. 13 are also displayed in the graph.
Our calculations do not include the so-called orbital polarization (OP) term that was introduced by Brooks to account for the enhancement of spin-orbit-induced orb due to electronic correlations. 56, 57 As Hjortstam et al. 13 present their results both with the OP term included and without it, we choose for comparison their results obtained without the OP term. Adding the orbital polarization term to the Hamiltonian is supposed to account heuristically for some many-body effects which give rise to the Hund's second rule in atomic theory and which are neglected by the local approximations to relativistic spin density functional theory. 36, 58 These essentially atomic many-body effects are presumably better described by the model Hamiltonian approach employed by Rodríguez-López et al. 18 or by the LDA+ U scheme. 59 In fact the LDA+ U as well as the OP schemes can be combined with the fully relativistic spin-polarized KKR formalism used here for the electronic structure calculations. 58, 60 As the present study primarily aims to investigate the dependency of local magnetic properties of closed-shell Fe clusters on their size and to compare these with their counterparts for corresponding surfaces, we restricted ourselves to plain LSDA-based calculations. Accordingly, to allow for a comparison of our results for orb with those of Rodríguez-López et al., 18 we scaled their data down by a factor of 0.57, which is the average ratio between orb obtained without and with OP at and below the (001) surface in the work of Hjortstam et al. 13 One can observe from Fig. 5 that all the calculations provide a very similar enhancement of orb at crystal surfaces. Similarly as in the case of spin , this enhancement is larger for the (001) surface than for the (110) surface. A good overall agreement between our results and the scaled results of Rodríguez-López et al., 18 for the two different surfaces, suggests that the effect of orbital polarization on orb at different layers indeed can be roughly estimated by a common multiplicative factor.
C. Comparison between magnetic profiles of clusters and surfaces
Our calculations of spin and orb of free clusters and at crystal surfaces were performed within a common theoretical framework, relying on identical or very similar approximations and computational methods. Hence they are well suited for a comparative study of magnetic properties of atoms in free clusters and at crystal surfaces. For this purpose, we focus on an 89-atom spherical cluster and slice it into atomic layers so that these layers form parts of corresponding planes in the parental bcc crystal. The numbers of atoms in layers perpendicular to three common crystallographic directions are summarized in Table II . As atoms belonging to the same crystallographic layer in a cluster are not all equivalent, that atom which is most "centrally" located was selected to represent the whole plane. This choice was made because among all atoms in such a layer, the properties of this atom will resemble most the properties of atoms in the corresponding layer below a crystal surface. At the same time, one has to bear in mind that our comparison of crystal and cluster surfaces concerns the ideal nonrelaxed bcc structures. Real clusters will probably have surface faces and interatomic distances different from those of crystal cuts.
The dependence of spin on the distance from the crystal surface and from the surface of an 89-atom cluster is shown in Fig. 6 . The enhancement of spin at the surface is larger in clusters than in crystals for all three directions we explored, which is consistent with a lower coordination number of the atoms at the surface of a cluster than at the surface of a crystal. The Friedel-like oscillations are more pronounced in the clusters than for the surface region of crystals. They appear to be in phase for the [110] and [111] directions but not for the [001] direction. This could be intuitively understood given the fact that for semi-infinite crystals, there is only an abrupt termination by the surface in one direction, while for clusters there are many such terminations. The oscillations of spin in clusters can thus be viewed as arising from a complex interference of several Friedel-like oscillations. The different phase of the spin oscillations for clusters and crystal surfaces in the [001] direction is thus not very surprising.
Layer-by-layer profiles of orb for clusters and semiinfinite crystals are displayed in Fig. 7 . The magnetization vector M is either perpendicular to the layers (i.e., parallel to the direction in which the cluster and the semi-infinite crystal are probed) or parallel to the layers. In the case of the The surface enhancement of orb as well as Friedel-like oscillations are more pronounced at clusters than at surfaces. Similarly, the difference between orb for M perpendicular to the layers or parallel to them is larger at clusters than at surfaces. Note that this finding does not contradict our earlier statement that there is hardly any anisotropy in shellaveraged orb (Sec. III A), because here we focus on orb for individual atoms and not on average values.
D. Systematic trends in magnetic moments
The enhancement of spin at surfaces is in general ascribed to the reduction of the coordination number of the surface atoms. According to tight-binding considerations, this leads to a narrowing of the electronic band and in turn in general to an increase of the DOS at the Fermi level. On the basis of the Stoner criterion one finally expects an increase of spin compared to the bulk system. Although isolated clusters-in contrast to a surface regime-have a discrete eigenvalue spectrum, this chain of arguments seems to be applicable for them as well. In fact, it has been shown by many examples that magnetic moments of atoms in transition metals increase if the atomic coordination number decreases. 61 However, such a dependence has never been assessed in a quantitative way. Our study incorporates Fe atoms for quite a large range of coordination numbers. Exploring the dependence of spin and orb on the number of neighbors offers thus a natural way for analyzing the theoretical data we have obtained. 
where N 1 is the number of the nearest neighbors and N 2 is the number of the next-nearest neighbors. The coefficient ␤ is determined by the distance dependence of the d electron hopping integrals. 62, 63 Following Pastor et al. 63 and Zhao et al., 23 we take ␤ = 0.25, meaning that we have N eff = 9.50 for atoms in a bulk system with bcc structure. We checked that the main conclusions drawn in this section are not very sensitive to the particular value of the ␤ coefficient. Figure 8 summarizes spin and orb for all the cluster sizes and crystal surface types we explored as a function of N eff . For clusters we consider orb averaged over all atoms in a given shell (which are essentially independent of M, see Sec. III A), for crystal surfaces we make an average of orb for in-plane and perpendicular magnetizations. One can see that spin depends on N eff approximately in a linear way, especially if data points for the smallest clusters of 9 and 15 atoms are excluded. Fitting these data in the N eff Ͻ 8.5 region, we arrive at the following relation: spin = − 0.21 ϫ N eff + 3.94. ͑2͒
If we considered only atoms in clusters, the slope would be a bit more steeper ͑ spin = −0.22ϫ N eff + 3.98͒, if we considered only atoms at crystal surfaces, the slope would be more moderate ͑ spin = −0.16ϫ N eff + 3.71͒. Such a linear dependence describes spin ͑N eff ͒ only for N eff Շ 8.0; for larger N eff , spin saturates around the bulk value with considerable deviations of individual data points from this mean value. Note that the linear dependence of spin on N eff revealed by Fig. 8 differs from the ϳN eff −1/2 form which was used in Refs. 23 and 24 and which follows from certain assumptions about the character of the DOS and exchange interaction (rectangular d band, second moment approximation, d-band splitting caused by exchange interaction same for clusters and bulk).
Similarly to the case of spin , one can also observe an essentially monotonous decrease of orb with increasing N eff for both free clusters and crystal surfaces (lower panel of Fig. 8 ). However, one cannot describe this with a mathematically simple relationship as in Eq. (2) and also the spread of the values of orb for a given N eff is relatively large. Despite this fact, the correlation between orb and N eff is obvious, although less clear cut than in the case of spin . This orb -N eff inter-relationship can be explained to some extent by an expression for the spin-orbit induced orb that is based on perturbation theory and that relates orb to the difference of the DOS at the Fermi level for the spin up and spin down components. 17 Obviously, this difference will depend on the coordination number N eff in a similar way as discussed above for the total DOS at the Fermi level.
The number of valence electrons of atoms in the surface region of a cluster or solid will in general be reduced because of the spill-out of electrons into the vacuum region. Due to the pronounced exchange splitting (see Sec. III F below) and the band narrowing discussed above this will primarily affect the minority-spin electrons. As a consequence, one may expect at least a monotonous variation of spin with the number of valence electrons N val for atoms in the surface region. In fact, as it can be seen in the upper panel of Fig. 9 , a nearly linear relationship between spin and N val is found when plotting the data for the various systems considered here. In particular one finds, in line with the given arguments, that atoms in the (110), (001), and (111) surface layers of a semi-infinite Fe crystal with effective coordination numbers N eff of 7.00, 5.25, and 4.75 exhibit a reduction of the number of valence electrons ⌬N val by −0.23, −0.49, and −0.62 compared to bulk, accompanied by an increase of spin by 0.27, 0.65, and 0.61 B , respectively. As can be seen from Fig. 9 , the cluster data-including those for the 9-and 15-atom clustersfollow the trend of the crystal surfaces results. Fitting all the data points satisfying N val Ͻ 8.6 by a straight line yields 
͑3͒
If one considers data points for clusters only, the slope of the line is more moderate ͑ spin = −0.68ϫ N val + 8.04͒ while if one takes into account only crystal surfaces, the slope is steeper ͑ spin = −1.04ϫ N val + 10.64͒. Similarly as in the case of N eff , the dependence of orb on N val cannot be described by a simple formula, although a general tendency for increasing orb if N val decreases is evident in the lower panel of Fig. 9 .
The systems we study are all bcc-like, with fixed interatomic distances, hence Figs. 8 and 9 show the net effect of varying the coordination numbers. In real free clusters, relaxation of interatomic distances will take place. In order to check to what extent the quasilinear spin ͑N eff ͒ dependence holds if variations in distances occur, we focus briefly on spin of structurally relaxed free clusters as calculated via an ab initio nonrelativistic method based on numerical local orbitals in combination with norm-conserving pseudopotentials by Postnikov et al. 8 The clusters considered by these authors were either of bcc type (35 and 59 atoms) or of fcc type (38, 43, 55, and 62 atoms). The corresponding spin ͑N eff ͒ dependence for these six clusters is displayed in Fig. 10 [the ␤ coefficient of Eq. (1) is taken zero for an fcc structure, according to Ref. 23] . It can be seen that the spin -N eff interrelationship retains its quasilinear character. Nevertheless, data points for the two bcc clusters noticeably deviate from the pattern set by the four fcc clusters. Data points for the fcc clusters give rise to the approximate relation spin = − 0.12 ϫ N eff + 3.81, ͑4͒
which is also schematically depicted in Fig. 10 . We can conclude that the approximately linear spin ͑N eff ͒ dependence seems to hold for structurally relaxed clusters as well, however, each structure type may have its own "best fit" coefficients.
E. Magnetic moments of large clusters
Since the experiment of Billas et al., 20 a lot of effort has been devoted to explain the observed oscillations of the cluster magnetic moment per atom clu with cluster size. A proper theoretical approach would require calculating magnetic moments at each atomic site in the cluster. That is quite a formidable task; the largest iron clusters for which such a calculation has been done (relying on a TB model Hamiltonian) contained up to 200 atoms. 3, 21 For clusters containing several hundreds or thousands of atoms only model estimates can be done. Jensen and Bennemann, 22 Zhao et al., 23 and Aguilera-Granja et al. 24 calculated clu of clusters containing up to thousand of atoms for several cluster growth modes, making various assumptions about the dependence of magnetic moments on the local atomic environment. The depen- dence of spin and orb on N eff explored in the previous section makes it possible to make such calculations with far less free parameters.
As an illustration, we present in Fig. 11 clu calculated for clusters formed by spherical sections of the underlying bcc lattice. We assume that clusters grow by filling successive coordination shells. Within a particular coordination shell, new atoms get adsorbed at such sites that their N eff is the highest possible (we found that the particular order in which the sites of yet unfilled coordination sphere are occupied is not crucial). Local spin is taken from Eq. (2) for N eff Ͻ 8, for larger N eff we take the calculated value of bulk Fe ͑2.28 B ͒ instead. Similarly, orb is calculated as orb = −0.017N eff + 0.19 (linear fit to the lower panel of Fig. 8) for N eff Ͻ 8 and the calculated bulk value of 0.054 B is taken otherwise. As noted in Sec. III D, the linear fit does not describe orb very accurately, however, we found that the total moment clu is not really sensitive to the orbital contribution-it just causes a more-or-less uniform increase of clu by about 0.05 B , independently of the cluster size.
It follows from Fig. 11 that this simple model accounts for some trends of the experiment. In particular, it is able to reproduce the three large oscillations in clu with peaks around 110 atoms, 210 atoms, and 320 atoms. For large cluster sizes, the model predicts that the bulk value of clu ought to be approached as reciprocal of the third root of the number of atoms in a cluster. One would thus need 2500 atoms in order to approach the bulk clu up to 0.10 B or 17000 atoms in order to approach bulk clu up to 0.05 B . On the other hand, experiment suggests that the bulk limit may be reached for smaller clusters (although this is hard to extrapolate as the measured clu still oscillates even for the largest clusters studied). The inability to describe the steep decrease of clu for clusters larger than ϳ400 atoms is a common feature of all semiphenomenological models. [22] [23] [24] The amplitudes of the clu oscillations provided by our model are smaller than in experiment (Fig. 11) . Possibly, this may be connected with a wrong shape of our clusters. Several other shapes such as cube, octahedron, etc. could be considered. It is conceivable that the experiment actually probes a mixture of different shapes for a given cluster size. At the same time, one has to bear in mind that an earlier study of Jensen and Bennemann 22 showed little sensitivity of the overall clu curve towards the cluster shape.
F. Spin-polarized densities of states
Local magnetic moments spin and orb carry integral information about the electronic structure. More specific details can be revealed through studying spin-polarized densities of states. Figure 12 displays the DOS at the central atom of 9-atom, 27-atom, and 89-atom clusters. For comparison, we show also the DOS for bulk Fe in each panel. The same energy-broadening (incorporated via a constant imaginary energy of 0.01 Ry) was applied both for clusters and for bulk. We found that the direction of the magnetic field has practically no influence on the DOS as displayed in this scale (different directions of M yield DOS curves which are identical within the thickness of the line). Our results for the atom in the center of the 27-atom cluster moderately agree with model Hamiltonian results of Pastor et al. 1 Not surprisingly, the atom at the center of a 9-atom cluster displays quite sharp "atomiclike" features in the DOS. 1,5 If the cluster size increases, the DOS gets smoother and a resemblance with the bulk gradually emerges. However, even for an 89-atom cluster the DOS for the central atom still differs considerably from the bulk-not only because of a sharper shape of the peaks but also concerning peak positions. Let us recall that it was found in Sec. III A that spin and orb at the central atom do not fully converge to their bulk values even at this cluster size. Through the DOS analysis, the relatively slow convergence of the electronic properties of clusters to bulk shows once more again.
By summing the DOS at all atoms in a cluster and dividing it subsequently by the number of atoms involved, one gets an (average) density of states of the whole cluster. It is displayed in Fig. 13 for three representative cluster sizes, again together with the DOS of bulk Fe crystal. Our results for a 9-atom cluster differ considerably from calculations of Lee et al., 6 who use a symmetrized linear combination of Gaussian orbitals as basis functions. For the majority-spin states of the 27-atom cluster, there is a fair agreement of our results and calculations of Pastor et al., 1 while for spinminority states this agreement is worse. Generally, one can see from Figs. 12 and 13 that the convergence of the DOS of the whole cluster to the bulk is significantly faster than the convergence of the central atom alone. This may be surprising, as the central atom ought to be the "most bulklike" of all atoms in any cluster and so one would naturally expect that convergence towards bulk characteristics would be first observed just for this atom. The reason for different convergence properties of the DOS of whole clusters and of the DOS of individual atoms of the same clusters is the fact that when DOS curves of several inequivalent atoms are superposed, the sharp structures in the DOS get smeared as they are generally located at different energies for different atoms. Hence the resulting combined DOS lacks the sharp atomiclike features which characterize the DOS of the central atoms in Fig. 12 .
As an illustration how the DOS at individual atoms differs from site to site, we display in Fig. 14 the DOS for three selected atoms of the 89-atom cluster. The left panel shows the DOS for an atom in the second coordination shell (at 2.87 Å from the center), the middle panel stands for the fifth coordination shell (4.97 Å from the center), and the right panel for the seventh coordination shell (the outermost one, at 6.26 Å from the center). The total DOS per atom of the whole 89-atom cluster is displayed by thick dashed lines in each of the panels for comparison. Generally, it is quite difficult to observe any systematic trends in the DOS when moving from one atomic site to another. In analogy with an oscillatory dependence of spin and orb on the radial distance ( Figs. 1 and 2) , the DOS character does not change uniformly when moving farther from the cluster center. Nevertheless, a general tendency to narrowing the local band for atoms close to cluster surface, which can be seen in Fig. 14 , is present for all clusters. This trend has been, albeit for a smaller range of cluster sizes, observed also by Yang et al. 5 and Pastor et al. 1 In this respect the surface of a spherical cluster resembles the crystal surface, where narrowing of bands also occurs. However, layer-resolved profiles of DOS in clusters and at crystal surfaces significantly differ in details 64 -similarly as in the case with layer-resolved profiles of spin and orb (see Figs. 6 and 7) .
It is interesting to note that for atoms which belong to the same coordination sphere but are inequivalent due to the presence of a magnetization, the corresponding DOS curves are practically identical (within the thickness of the line). This may be a bit surprising, however, it is consistent with the observation that spin , which stems from differences between spin-up and spin-down DOS, also hardly differs in these circumstances (as noted in Sec. III A). Nonzero orb , on the other hand, is caused by the small imbalance of the DOS related to the m l -related states due to the presence of the spin-orbit coupling (m l stands for the magnetic angular momentum quantum number). Of course the corresponding shifts in energy are quite small.
Let us make finally a note about the angular-momentum character of electron states in clusters. Obviously, the DOS around atoms in clusters has overwhelmingly a d character. However, some minor peaks at the outer edges of the main band may have considerable s or p components, as one can expect from the corresponding atomic electron configuration of a free Fe atom. In particular, e.g., the peaks at E Ϸ −7 eV in DOS around central atom of the 89-atom cluster are almost exclusively of s character. Similar trends were observed for a 15-atom cluster by Yang et al. 5 and Vega et al. 2 The occurrence of these s-and p-character peaks is connected with the still partially atomic character of electron states in clusters; in bulk iron, there are just structureless continuum shoulders, typical for a free-electron DOS, instead of well-resolved peaks below the main d band as found for the clusters. Interestingly, the heights of the s and p peaks in the cluster DOS decrease with increasing distance of the atom from the center of the cluster (we do not present corresponding plots for brevity).
IV. SUMMARY
In free spherical bcc-structured Fe clusters, both spin and orb are enhanced for atoms close to the cluster surface; their depth profiles exhibit an oscillatory structure. The orbital moments of individual atoms orb exhibit quite a strong dependence on the direction of the magnetic field, however, the anisotropy in orb averaged over all atoms of a coordination shell is very weak. Some common trends in magnetic profiles of free clusters and of crystal surfaces can be observed (enhancement of spin and orb at surfaces, Friedel-like oscillations). However, the surface enhancement as well as Friedel-like oscillations of spin and orb are more pronounced for clusters than for semi-infinite crystals. Spin magnetic moments spin in clusters and at crystal surfaces depend linearly on the effective coordination number and on the valence charge. A semiempirical spin ͑N eff ͒ relationship is able to account for some features of the measured dependence of the magnetic moment of free clusters on the cluster size. The DOS of atoms in centers of free clusters is characterized by many sharp peaks and even for a 89-atom cluster it still differs substantially from the DOS in the bulk. The combined DOS of whole clusters converges to the bulk DOS more quickly than DOS of atoms in the center of these clusters, due to a mutual cancellation of sharp atomiclike peaks. 
